Abstract. In the present study, knockdown of E2F1 impaired the migration and invasion of osteosarcoma cells. Further analysis showed that E2F1 knockdown decreased the expression of discoidin domain receptor 1 (DDR1) which plays a crucial role in many fundamental processes such as cell differentiation, adhesion, migration and invasion. Luciferase and ChIP assays confirmed that E2F1 silencing attenuated the expression of DDR1 through disrupting E2F1-mediated transcription of DDR1 in osteosarcoma cells. Similarly with the effect of E2F1 silencing, DDR1 knockdown weakened the migratory and invasive capabilities of osteosarcoma cells; while overexpression of DDR1 resulted in a significant increase of cell motility and invasiveness, even after knocking down E2F1. Interestingly, inactivation of E2F1/DDR1 pathway by shRNA weakened STAT3 signaling and subsequently suppressed the epithelial-mesenchymal transition (EMT) of osteosarcoma cells, as shown with decreased vimentin, MMP2, MMP9, and increased E-cadherin. Consistently, high expressions of E2F1 and DDR1 observed in osteosarcoma tissues were related to TNM stage and metastasis. In addition, high level of E2F1 or DDR1 was associated with poor prognosis in osteosarcoma patients. These results suggest that E2F1/DDR1/STAT3 pathway is critical for malignancy of osteosarcoma, which may provide a novel prognostic indicator or approach for osteosarcoma therapy.
Introduction
Osteosarcoma is the most common malignant bone tumor that occurs primarily in children and adolescents. Despite surgery combined with chemotherapy has been widely applied for osteosarcoma treatment, an overwhelming tendency for invasion and early metastasis lead to poor prognosis. The 5-year survival rate of patients with recur rent and metastasis remains at only 20% (1) . The mechanisms for osteosarcoma development has drawn great attention (2, 3) . However, due to lack of effective drug targets, a breakthrough for osteosarcoma treatment has not yet been achieved.
As a well-documented driver of cell cycle, E2F1 regulates the expression of genes required in the G1→S phase transition (4) . However, recent studies showed a role of E2F1 in metastasis and invasion of several cancer types. E2F1-induced metastasis was verified by clinical studies showing that high expression of E2F1 and its related target genes predicted the transformation from superficial to invasive bladder cancer (5) . In addition, it was demonstrated that the depletion of endogenous E2F1 attenuated tumor invasion and pulmonary metastasis in therapy-resistant metastatic melanoma xenografts (6) . Recently, Liang et al reported a novel function of E2F1 as enhancer of tumor invasion and migration in prostate cancer via regulating the expression of CD147 (7) . However, the mechanisms underlying the metastasis promoted by E2F1 remain unclear.
DDR1 belongs to discoidin domain receptor (DDR) family which consists of two highly homologous members, DDR1 and DDR2. DDRs function as the unique receptor tyrosine kinases (RTKs) which are activated by collagen, a major extracellular matrix (ECM) component (8) . Previous studies have reported abnormal expression of DDR1 in some high-invasive tumors, such as lung, breast, and prostate cancers (9) (10) (11) . Growing evidence suggested that DDR1 was closely associated with lymph node metastasis and shorter survival, and overexpression of DDR1 promoted cell mobility and invasion (12, 13) . Although DDR1 has been verified to be involved in tumor development, dysregulation of DDR1 as well as the roles of DDR1 in tumor aggressiveness is poorly understood.
In the present study, E2F1 was found to be critical for the migration and invasion of osteosarcoma cells through transactivating DDR1. Furthermore, DDR1 enhances the phosphorylation of STAT3 which drives the epithelial-mesenchymal transition (EMT) of osteosarcoma cells. Finally, in vivo experiments and clinical analysis confirm that E2F1 and DDR1 are important for maintaining the malignant features of osteosarcoma. Together, these findings suggest a novel mechanism for E2F1-dependent migration and inva- Cell viability assay. Cell viability was detected using the Cell Counting Kit-8 assay (Dojindo, Kumamoto, Japan). Transfected cells were dispensed in triplicate into 96-well plates and incubated overnight at 37˚C. After indicated time, 10 µl of CCK-8 kit solution was added to the cells, which were then incubated for 2.5 h at 37˚C. Absorbance was then measured by a microplate reader at 450 nm. Data were obtained from at least three separate experiments done in triplicate.
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Quantitative real-time PCR analysis. Total RNA was prepared using the RNAiso Plus (Takara, Kyoto, Japan). cDNA was synthesized from total RNA using PrimeScript™ RT-PCR kit (RR014B; Takara). Quantitative real-time PCR (qRT-PCR) was performed by the 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA) with GAPDH being used as an internal control. The results are representative of at least three independent experiments.
RNA-seq analysis. RNA from U2OS cells with or without E2F1 knockdown was extracted and purified for quantification, RNA-seq library preparation, and sequencing. The libraries were sequenced on the illumina HiSeq 2500 platform. The reads containing adapter or poly-N and reads of low quality were removed from raw data to generate clean reads for further analyses. Based on the clean reads, the Q20 (>90%), Q30 (>85%), and error rate (<0.1%) of the clean data were required. Then mapped reads were obtained by Tophat2 through aligning clean reads to the human genome reference (hg19). The number of mapped clean reads for each unigene was counted and normalized into a reads per kb per million reads (RPKM) to calculate the expression level of the unigene.
Luciferase reporter assay. Various lengths of DDR1 promoter were amplified by PCR and inserted into the pGL3 vector.
The reporter construct with a mutated E2F1 binding site was generated by subsequent PCR-based cloning. These reporter plasmids were transfected into osteosarcoma cells, and pRL-TK was co-transfected as an internal control for transfection efficiency. At 48 h post-transfection, cells were lysed and the luciferase activities were measured using the Dual-Luciferase Reporter assay system (Promega, Madison, WI, USA). The experiments were carried out in triplicate.
Chromatin immunoprecipitation. Cells were cross-linked with 1% formaldehyde, lysed, and then sheared to an average size of 250-500 bp by sonication. ChIP was performed by incubating chromatin with anti-E2F1 antibody. After that, chromatin-antibody complexes were isolated using Protein A/G Plus-Agarose (Santa Cruz). Finally, the crosslinking was reversed and immunoprecipitated DNA was purified. Enrichment of DNA fragments was analyzed by qRT-PCR. Three independent experiments were performed.
Migration assay. A scratch wound healing assay was used for determining cell migration. Briefly, cell monolayer was scratched with a sterile pipette. The culture was then washed with medium to remove free-floating cells and debris and cultured in serum-free medium for an additional 24 h. The coverage of the scratched area was measured at three different positions. All experiments were performed in triplicates.
Invasion assay. Transfected cells in serum-free media were placed into the upper chamber of an insert coated with Matrigel (BD, San Diego, CA, USA). Media containing 10% FBS were added to the lower chamber. After incubation for 48 h, non-invaded cells on the upper surface of the filter were removed carefully with a cotton swab and the undersurface adherent cells that had invaded through the Matrigel were fixed in methanol and stained with 0.5% crystal violet. The filter membrane was viewed under a microscope and 5 random fields were selected for cell counting. Experiments were independently repeated three times.
Colony formation assay. Stable transfected cells were suspended in medium containing DMEM medium with 10% FBS and 2.5 ml of 0.3% noble agar (Sigma). Cells were plated onto a solidified medium containing 2.5 ml of 0.6% noble agar in a 60-mm dish. The dishes were incubated at 37˚C with 5% CO 2 , and fresh medium was added every 3-4 days. After culture for 25 days, cells were staining with 0.05% crystal violet, and forming colonies (>100 mm in diameter) were counted using microscopy.
Xenografts. Fifteen female BALB/c nude mice were injected with U2OS cells with stable knockdown of E2F1 or DDR1. Mice were randomly chosen for the two experimental groups and one control group, and each received a subcutaneous injection of a viable cell suspension mixture (5x10 6 ) containing a 90% U2OS cells. Subcutaneous tumor size was blindly measured twice a week with a caliper. Tumor volumes were calculated using the formula: V = W 2 x L x 0.5, where W is tumor width and L is tumor length. All of the mice were sacrificed on the fifth week after injection, and the individual tumors were weighed. The animal experiment was approved by the institutional review board of Zhejiang Rongjun Hospital.
Immunohistochemistry. All procedures performed in studies involving human participants were in accordance with the Ethics Committee of Zhejiang Rongjun Hospital and the Second Hospital of Jiaxing and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. Osteosarcoma tissues were collected by surgery from 81 patients at Zhejiang Rongjun Hospital (Jiaxing, China) and the Second Hospital of Jiaxing (Jiaxing, China) from 2008 to 2011. All specimens were fixed in 10% neutral formalin, embedded in paraffin and cut into 4-µm sections for immunohistochemical staining. The EnVision™ two-step method was used (Dako, Hamburg, Germany), as well as the following antibodies: antibody against E2F1 and antibody against DDR1. To estimate the score for each slide, at least 10 individual fields at x200 were chosen, and 100 cancer cells were counted in each field. The immunostaining intensity was divided into four grades: 0, no expression; 1, mildly positive; 2, moderately positive; and 3, markedly positive. The proportion of positive-staining cells was divided into five grades: 0, <10%; 1, 11-25%; 2, 26-50%; 3, 51-75%; and 4, >75%. The staining results were assessed and confirmed by two independent investigators blinded to the clinical data. The percentage of positivity of the tumor cells and the staining intensities were then multiplied in order to generate the IHC score, and graded as 0-6, low expression; 7-12, high expression. Cases with a discrepancy in scores were discussed to obtain a consensus.
Statistical analysis. All statistical analyses were carried out using the GraphPad Prism 5.0 and SPSS 17.0 statistical software. Experimental data are presented as mean ± SD from at least three independent experiments. The χ 2 test or Fisher's exact probability test was used to compare clinicopathological features of the patients with protein expression. Kaplan-Meier plots and log-rank tests were used for survival analysis. Spearman test was used in analyzing the correlation. A P-value of ≤0.05 was considered statistically significant.
Results

E2F1 silencing not only reduces osteosarcoma cell proliferation but attenuates migration and invasion.
Consistent with previous observations (14), E2F1 was highly expressed in osteosarcoma cells compared with osteoblast (Fig. 1A) .
To explore the roles of E2F1 in osteosarcoma, two osteosarcoma cell lines (U2OS and SaOS-2) with high E2F1 levels were examined after stable transfection with E2F1 shRNA (Fig. 1B) . Two shRNAs targeting E2F1 were checked for their efficacies, and as indicated by western blotting, shE2F1#1 was slightly more effective for inhibiting E2F1 expression than shE2F1#2. So, shE2F1#1 was applied in the following experiments. As expected, cell growth was markedly suppressed in the osteosarcoma cells with E2F1 silence compared to control cells (Fig. 1C) . Interestingly, cell migration and invasion determined by wound healing and Transwell assays were also inhibited in the osteosarcoma cells with E2F1 knockdown (Fig. 1D and E) . In consideration of the relationship between E2F1 and apoptosis described in osteosarcoma (15) , the apoptosis of osteosarcoma cells after abolishing E2F1 was analyzed. As shown in Fig. 1F , knockdown of E2F1 had no significant effect on apoptosis. Therefore, these findings indicate that high expression of E2F1 is essential for the malignancy of osteosarcoma.
Knockdown of E2F1 suppresses the transcription of DDR1
in osteosarcoma cells. In attempt to understand the potential mechanisms behind E2F1-induced migration and invasion, the expression of mRNA isolated from the osteosarcoma cells with stable knockdown of E2F1 was profiled by RNA-seq analysis. Differentially expressed genes (DEGs) were clustered and displayed in the heat map ( Fig. 2A) . Especially, the enrichment of DDR1 mRNA was dramatically reduced after E2F1 knockdown (Fig. 2B) . Consistently, the expression of DDR1 was decreased in the E2F1-silenced osteosarcoma cells both at the protein and mRNA levels ( Fig. 2C-E) . To determine whether E2F1 transactivates the transcription of DDR1, 2 kb DDR1 promoter region upstream transcription start site was cloned to a luciferase gene and then co-transfected with E2F1 siRNA. The results showed that DDR1 promoter activity was strongly repressed in response to E2F1 knockdown in osteosarcoma cells (Fig. 2F and G) . The direct regulation for DDR1 transcription by E2F1 was further confirmed by chromatin immunoprecipitation (ChIP), which showed a peak binding of endogenous E2F1 to DDR1 promoter at 200 bp upstream the transcription start site (Fig. 2H) . Moreover, the truncated DDR1 promoter without the region (-200/-50) failed to respond to E2F1 knockdown (Fig. 2I) . Then, we analyzed the promoter sequence around -200 bp by bioinformatic software (JASPAR and Tfsearch), and a putative E2F1 binding site (AATGCCGC) was identified (Fig. 2J) . Furthermore, mutation of the site greatly diminished the inhibitory effect of E2F1 silence on the transcription activity of DDR1 promoter (Fig. 2K) . Taken together, E2F1 is required for DDR1 transcription by directly binding to the promoter.
Silence of DDR1 reduces the levels of p-AKT and p-STAT3
accompanied with an attenuated aggressiveness of osteosarcoma cells. DDR1 serves as docking sites for the assembly of downstream signaling molecules and then activates different target mediators which are involved in several oncogenic processes including survival, metastasis, and chemosensitivity (16, 17) . In osteosarcoma cells (U2OS and SaOS-2), DDR1 was stably knocked down by two shRNAs (Fig. 3A) . Even though no significant difference between shDDR1#1 and shDDR1#2 in knocking down DDR1 was observed, shDDR1#1 showed a more powerful effect than shDDR1#2, especially in SaOs-2 cells. Thus shDDR1#1 was used for silencing DDR1 in this study. As a result, silence of DDR1 abolished the activation of both AKT and STAT3 signaling (Fig. 3B) . Similarly with E2F1 knockdown, deprivation of DDR1 undermined the malignant phenotypes of osteosarcoma cells, as shown by decreased proliferation, migration, and invasion ( Fig. 3C-E) . Therefore, as a target gene of E2F1, DDR1 is also required for triggering oncogenic signaling and aggressive behavior in osteosarcoma.
DDR1 mediates E2F1-dependent malignant phenotypes of osteosarcoma cells.
In order to determine the role of DDR1 in E2F1-dependent malignancy of osteosarcoma, DDR1 was overexpressed in the osteosarcoma cells with stable knockdown of E2F1. As shown in Fig. 4A , knockdown of E2F1 decreased phosphorylation of AKT and STAT3, while DDR1 overexpression rescued the reduction. Further studies showed that knockdown of E2F1 impaired the proliferation, migration, and invasion of osteosarcoma cells, and overexpression of DDR1 could enhance the aggressive phenotypes (Fig. 4B-D) . Notably, DDR1 overexpression was able to restore the incapability of migration and invasion in the E2F1-silenced osteosarcoma cells but failed to rescue the proliferation, which suggested that DDR1 displayed a crucial role in E2F1-dependent migration and invasion but not proliferation in osteosarcoma.
E2F1/DDR1/STAT3 axis drives the EMT of osteosarcoma cells. Activation of epithelial-mesenchymal transition (EMT)
is important for driving cancer cell migration and invasion, and STAT3 was reported to be involved in the EMT of various tumors. To clarify whether E2F1/DDR1/STAT3 pathway is indispensable for promoting osteosarcoma EMT, the expression levels of EMT markers in osteosarcoma cells were examined. The results showed that E2F1 knockdown increased E-cadherin but decreased vimentin at both mRNA and protein levels, which was then reversed by overexpression of DDR1 (Fig. 5A and B) . Furthermore, overexpressed DDR1 was found to induce the EMT of osteosarcoma cells, as shown by decreased E-cadherin and increased vimentin. As expected, STAT3 depletion abolished the promotive effect of DDR1 on the features of EMT (Fig. 5C and D) . Except for the canonical EMT markers expression of MMP2 and MMP9 was also found to rely on an intact E2F1/DDR1/STAT3 signaling in osteosarcoma cells (Fig. 5A-D) . Consistently, overexpression of DDR1 promoted the migration and invasion of osteosarcoma cells, which was attenuated by silence of STAT3 (Fig. 5E and F) . These findings suggest that E2F1/DDR1/STAT3 pathway may contribute to the migration and invasion of osteosarcoma cells via driving EMT.
Knockdown of either E2F1 or DDR1 impairs tumorigenesis of osteosarcoma cells.
To further elucidate the roles of E2F1 and DDR1 in osteosarcoma development, the osteosarcoma cells with stable knockdown of DDR1 were also constructed (Fig. 6A) . Then the colony-formation ability of the osteosarcoma cells was determined by colony number and size in soft-agar colony formation assays. As shown in Fig. 6B , knockdown of either E2F1 or DDR1 significantly decreased the number of colony formation compared with control. Moreover, the constructed osteosarcoma cells were subcutaneously injected into nude mice, and tumor growth was monitored. It was shown that silence of E2F1 or DDR1 apparently reduced the volumes and weights of xenografts (Fig. 6C-E) , which suggested an E2F1 and DDR1-dependent tumorigenesis in vivo. Collectively, these data indicate a critical role of E2F1 and DDR1 in tumorigenesis of osteosarcoma cells.
High expression of E2F1 and DDR1 predicts worse survival in osteosarcoma.
The results of western blotting showed that the expression levels of E2F1 and DDR1 protein in osteosarcoma tissues were significantly higher than those in adjacent non-cancerous tissues (Fig. 7A and B) . Meanwhile, expressions of E2F1 and DDR1 were assessed in osteosarcoma by immunohistochemistry. As demonstrated by E2F1 and DDR1 staining, E2F1 was mainly accumulated in the nucleus and cytoplasm, while DDR1 was diffusely expressed in the cytoplasm and cytoplasmic membrane of osteosarcoma cells (Fig. 7C) . Furthermore, E2F1 expression levels paralleled the changes of DDR1 in the osteosarcoma cases as shown by immunohistochemical analyses (Fig. 7D) . Also, further analysis showed that E2F1 and DDR1 staining was positively correlated with grades, advanced TNM stages, and metastasis (Table I) . Importantly, Kaplan-Meier survival analyses showed that patients with osteosarcoma expressing high E2F1 or DDR1 had a significantly worse overall survival than those expressing low E2F1 or DDR1 (Kaplan-Meier, log-rank p=0.0217 (E2F1); p=0.0195 (DDR1), Fig. 7E and F) . These data suggest that abnormally expressed E2F1 and DDR1 promote osteosarcoma development and indicate a poor prognosis for osteosarcoma patients.
Discussion
In the past, E2F1 was recognized as a crucial transcription factor that regulated cell cycle and apoptosis. However, the latest studies revealed that E2F1 prompted metastatic and invasive progresses, except for its proliferative and apoptotic functions (18) . The diverse behavior of E2F1 rely on different cell context and its various target genes in different cancer types (19) . In osteosarcoma, E2F1 was found to be indispens- Table I . Correlation of the expression of E2F1 and DDR1 with clinicopathological features in osteosarcoma. able for proliferation (20) , however, overexpression of E2F1 not only exerted a growth-suppressing effect but facilitated the chemotherapeutic drug-induced apoptosis (21, 22) . Our findings revealed that knockdown of E2F1 had no effect on apoptosis of untreated osteosarcoma cells but raised an apparent growth retardation. More importantly, E2F1 silence significantly suppressed the migration and invasion of osteosarcoma cells, which suggested the necessity of E2F1 for osteosarcoma metastasis. Except for promoting metastasis, high expression of E2F1 sensitizes osteosarcoma to chemotherapy. More and more evidence support that the E2F1-induced apoptosis was dependent on DNA damage which altered the post-translational modifications of E2F1 (23), then phosphorylation and acetylation of E2F1 predominantly strengthened its proapoptotic activity (24) . Gene set enrichment analysis (GSEA) performed by Gao et al indicated that the aberrant expression of E2F1 was a key regulator of the entire metastatic process (25) . Increased abundance of E2F1 triggers invasion and metastasis by activating growth receptor signaling pathways, which sheds light on the molecular mechanisms underlying E2F1-induced prometastatic activity. Recent study revealed that E2F1 enhanced metastatic behavior in melanomas by transactivating the VEGFC receptor, VEGFR-3, and epidermal growth factor receptor (EGFR) (6, 26) . In prostate cancer, E2F1 was found to activate the transcription of androgen receptor which was essential for the initiation and progression of prostate cancer (27) . Similarly, we reported that DDR1, a discoidin domain receptor, was directly regulated by E2F1 which was verified as a transcription activator of DDR1 in osteosarcoma. Then, the E2F1-dependent expression of DDR1 facilitated the proliferation, migration, and invasion of osteosarcoma cells. However, overexpression of DDR1 partially restored the impaired migration and invasion caused by E2F1 knockdown, but not for proliferation. So, even though DDR1 could induce the proliferation of osteosarcoma cells, other factors or pathways regulated by E2F1 are necessary for proliferation.
Although the roles of DDR1 in the metastasis of osteosarcoma have rarely been reported, acquisition of a more mesenchymal-like phenotype was associated with expression of DDR1 in other cancer types, such as gastric, colorectal, and pancreatic cancer (13, 28, 29) . In the present study, we found that DDR1 was required for EMT which might contribute to the E2F1-dependent aggressive behavior in osteosarcoma cells. Mechanistically, DDR1 promoted EMT by activating its downstream signaling pathways. Due to the extensive deposition of collagen I characterized in osteosarcoma, activation of highly expressed DDR1 by collagen is believed to activate downstream signaling molecules that display as mediators to drive EMT. In a recent study, a non-canonical DDR1 signaling was found to enable the metastatic reactivation of breast cancer cells by activating JAK2-STAT3 signaling (30) . Given the important role of STAT3 as an EMT signaling transducer, we examined the phosphorylated STAT3 (Y705) that was crucial for its dimerization and activation. Also, evidence showed that activation of STAT3 by DDR1 mediated the EMT and malignant phenotypes of osteosarcoma cells. Altogether, we hypothesize that the E2F1/DDR1/STAT3 axis is critical for the metastasis of osteosarcoma.
As another widely reported oncogene regulated by DDR1, Matrix metalloproteinase (MMP) contributes to the matrix components degradation that is required for tumor invasion (31) . Several studies reported that DDR1 could play an invasive role in various tumors via inducing MMP2 and MMP9 (32, 33) . Multiple mechanisms may be employed in the induction of MMPs by DDR1. In breast cancer, type IV collagen increased MMP2 and MMP9 secretion and invasion through activating DDR1-Src signaling (34) . Whereas, receptor signaling activated by collagen was not requisite for DDR1 to support invasion in oral squamous cell carcinoma (35) . Except for inducing MMPs expression, DDR1 activation by collagen could accelerate the conversion of pro-MMP2 into its active form (36) . In the present study, we found that E2F1/DDR1/STAT3 signaling was essential for maintaining the high expression of MMP2 and MMP9 which might enhance an invasive behavior to osteosarcoma.
In conclusion, the present study demonstrates that E2F1 is important for osteosarcoma proliferation, migration and invasion. In addition, our findings identify a novel regulatory pathway, E2F1/DDR1/STAT3 axis, which drives EMT and increases the expressions of MMPs in osteosarcoma cells. As a consequence, overactivation of the pathway results in the aggressive phenotypes of osteosarcoma. Consistently, clinical analysis suggests that high expressions of E2F1 and DDR1 indicate a relative poor prognosis in osteosarcoma patients. Although this study provides a possible molecular mechanism for E2F1-dependent osteosarcoma metastasis, further studies are needed to elucidate the details of the deregulation of E2F1 and its downstream pathways.
